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Specialized services that complement the STI Program Office's diverse offerings include creating custom thesauri, building customized databases, organizing and publishing research results . . . even providing videos. Parker and Zaretsky (ref. 9) to contact loads that result in stress levels typical of those in rolling-element bearing applications indicate that hot-pressed silicon nitride running against steel may be expected to yield fatigue lives comparable to or greater than those of bearing quality steel running against steel (ref. 10) .
In an attempt to resolve these differences, concurrent with the work of Dee (ref. 23 ) concluded that the rollingelement fatigue life of silicon nitride was over two times that of bearing steel and that the life of hybrid bearings was five times that predicted. These results suggest significantly higher lives are obtained than those predicted for these hybrid bearings.
These apparent differences in the literature are not totally contradictory. For a given applied load the contact (Hertz) stress in a hybrid bearing containing silicon nitride rolling elements and steel races will be higher than in an all-steel rolling-element bearing where all the components are manufactured from hardened bearing steel. This is because the modulus of elasticity of the silicon nitride is approximately 1.5 times that of a typical bearing steel.
From the work reported by Zaretsky (refs. 10, 24, and 25) and the analysis in appendix A that examines the effect of the modulus of elasticity and Poisson's ratio on contact stress (these are based upon the bearing life analysis of Lundberg and Palmgren (ref. 26) , it was concluded that because of the higher modulus of elasticity, the life of a hybrid bearing will be less than that of an all-steel bearing of the same design and under the same load. The problem is that the Lundberg-Palmgren (ref. 26 ) life equation does not consider the life of the rolling elements independent of the race lives, nor does it consider differences in the modulus of elasticity or the Hertz stress-life exponent.
In view of the aforementioned, it is the objectives of the work reported herein to (a) account for the differences in material properties, including the Hertz stress-life exponents, between the rolling elements and races, (b) account for the lives of the rolling-element as well as the race to determine the resultant bearing life, and (c) theoretically compare the predicted lives of hybrid silicon nitride bearings both with that predicted for all-steel bearings and the actual lives reported in the literature. 
Nomenclature

Bearing Life Analysis
Lundberg-Palmgren Equation
In probabilistic life models, the bearing physical characteristics, applied load, operating profile, and environment determine the probability of failure, assuming that the life is represented by a known probability function. Weibull (refs. 27 to 29) was the first to suggest a reasonable way to estimate material fracture strength with such a probability function. Based upon the work of Weibull (refs. 27 
From equation (1) and for some constant S,
where for ball bearings,
and for roller bearings,
The resultant variables in equations (3) and (4) 
From equation (5) where the life of the rolling elements, by inference, is incorporated into the life of each raceway tacitly assuming that all components have the same Weibull slope e. In properly designed and operated rollingelement bearings, fatigue of the cage or separator should not occur and, therefore, is not considered in determining bearing life and reliability. From equations (1) and (6), Lundberg and Palmgren (ref. 26) derived the following relation:
For equation (7) 
From equation (8), the life of each bearing component can be derived where
Zaretsky's Rule
To apply Zaretsky's rule (ref. 24) , equation (6) should be written as follows:
where the Weibull slope e is the same for each of the components as well as for the bearing as a system.
For radially loaded ball and roller bearings, the life of the rolling element set is equal to or greater than the life of the outer race. Let the life of the rolling element set (as a system) be equal to that of the outer race.
From equation (11) 
where L re = L or For thrust loaded ball and roller bearings, the life of the rolling element set is equal to or greater than the life of the inner race but less than that of the outer race. Let the life of the rolling element set (as a system) be equal to that of the inner race.
ir or L L L (13) where L re = L ir Examples for using equations (11) to (13) are given in Zaretsky (ref. 24) . As previously stated, the resulting values for L ir and L or from these equations are not the same as those from equation (6) . From the Zaretsky analysis, equation (7) remains unchanged. However, the values of the load-life exponent p become 4 and 5 for ball and roller bearings, respectively.
Effect of Elastic Constants
From the Hertz equations for stresses in concentrated contacts (ref. 32 
From equations (7) and (14a),
and the ratio of the load-life exponent p to the Hertz stress-life exponent n is
From equations (14b) and (15c), for point contact (ball bearings) n equals 9 when p equals 3, or 12 when p equals 4, and from equations (14c) and (15c), for line contact (roller bearings) when p equals 10 /3, 4, or 5, then n equals 6.66, 8, and 10, respectively.
From appendix A, equation (A15), the life of a hybrid bearing having a steel raceway with a ceramic rolling element and the same normal load P o as a steel rolling element in contact with a steel raceway, the life of the hybrid bearing raceway is
From appendix A, equations (A14) and (A19),
For point contact (ball bearings) z equals 2 /3 and for line contact (roller bearings) z equals 1 /2. The elastic modulus Y and Poisson's ratio δ for both bearing steel (s) and silicon nitride ceramic (c) are given in table 1. These values are from reference 22. Table 2 summarizes the resultant life factors LF H for point and line contact for a combination of values for n, p, and z for silicon nitride rolling elements on a steel raceway. 
Rolling-Element Life
There are conflicting data comparing the rolling-element fatigue life of typical bearing steels and that of silicon nitride. These data were obtained in bench type rolling-element fatigue testers under point contact and at very high stress levels. Parker and Zaretsky (refs. 9 and 10) show a comparison of life data for hot-pressed silicon nitride and consumable-electrode vacuum melted (CVM) AISI 52100 and CVM AISI M-50 steels at a maximum Hertz stress of 5.52 GPa (800 ksi). The L 10 1 /8 that of the silicon nitride rolling elements. Assuming the equal validity of both tests, based upon an experimentally determined Hertz stress-life exponent n of 16 for silicon nitride in point contact, it can be reasonably concluded that there is a crossover between the life obtained with the silicon nitride material and the bearing steels; at the lower stress levels where rolling bearings are usually run, the silicon nitride material will produce longer lives than the bearing steels. Normalizing the life of silicon nitride in point contact to the Lundberg-Palmgren calculated life L LP from reference 23, the life factor LF for CVM AISI 52100 bearing steel is 6 where
At a maximum Hertz stress of 5.52 GPa (800 ksi),
Based upon a Hertz stress-life exponent n for silicon nitride of 16 and from equations (15a) and (18c), the life at any stress for silicon nitride normalized to a maximum Hertz stress of 5.52 GPa (800 ksi) is 16 16 max max 5.52 GPa 800 ksi 0.75 0.75
For steel with n of 9, 9 9 max max 5.52 GPa 800 ksi 
If the Hertz stress-life exponent n for generic bearing steel is taken as 12, then the exponent ∆n in equation (20) 
If n equals 15.5 for silicon nitride and 10 for steel, then the exponent ∆n for equation (22) is 5.5. Table 3 , based on equations (20) and (22), summarizes life factor for silicon nitride LF SN relative to the Lundberg-Palmgren life equation for bearing steel. These factors are presented for different values of ∆n, the difference between the Hertz stress-life exponent of silicon nitride and bearing steel. 
Results and Discussion
Three decades have passed since the introduction of silicon nitride rollers and balls into conventional rolling-element bearings. These bearings are referred to as "hybrid rolling-element bearings." For an applied bearing load, the resultant Hertz stress in a hybrid bearing is higher than that in an all-steel bearing. Thus, based upon the Lundberg-Palmgren life theory, where only the life of the races are considered, the predicted life of a hybrid bearing is less than that of an all-steel bearing under the same conditions. However, results in the literature suggest that significantly higher lives are obtained than those predicted for these hybrid bearings.
Three types of representative 50-mm-bore rolling-element bearings whose specifications are summarized in table 4 are used to illustrate the analysis for hybrid bearings previously discussed. These are a deep-groove ball bearing, an angular-contact ball bearing, and a cylindrical roller bearing. The bearings are assumed to operate at a speed of 10 000 rpm (500 000 DN). For all the bearings the maximum Hertz stress at the inner race for an all-steel bearing is assumed to be 1.72 GPa (250 ksi). Accordingly, the load for each type of bearing to achieve this stress as well as the dynamic load capacity C D will be different.
The resultant stresses on each of the respective raceways when the steel rolling elements are replaced with silicon nitride rolling elements is also shown in 
-------------------Curvatures, percent
Outer race 52 52 Roller length, mm (in.) The Lundberg-Palmgren analysis (ref. 26 ) is based on the life of the inner and outer raceways of the bearing only. By benchmarking their analysis to a pre-1940 rolling-element bearing (unpublished) database and incorporating empirical material-geometry factors in their analysis, their equations incorporate the lives of the respective ball or roller sets in the calculated life of the bearing where the rolling elements are made from the same material as the races. However, where there is variance between the rolling-element material and the race material, the equations will yield an incorrect answer. As a result, if the hybrid bearing life factors of table 2 are applied against the entire bearing, they are also being inadvertently applied to steel rolling elements that are no longer component parts of the hybrid bearing. This results in a lower calculated bearing life for the hybrid bearings (see table 5 column, LundbergPalmgren life formula and rows, Basic Lundberg-Palmgren steel races, Si 3 N 4 balls, rollers).
To correct this discrepancy, it is necessary to apply Zaretsky's rule as contained in equations (11) Anecdotal field experience suggests that even when applying Zaretsky's rule to the LundbergPalmgren equations, the life of the hybrid bearings are significantly higher than that calculated for hybrid bearings whose races are manufactured from AISI 52100 and AISI M-50 bearing steels. From table 5 under the column captioned, "Zaretsky's rule" the hybrid bearings are predicted to have a lower fatigue life than the all-steel bearings by 58 percent for deep-groove bearings, 41 percent for angular-contact bearings, and 28 percent for cylindrical roller bearings. Resultant life factors LF H based upon the Lundberg-Palmgren equations applying Zaretsky's rule are summarized in table 6. Can a hybrid bearing exhibit a statistically longer life than that calculated by the Lundberg-Palmgren equations for an all-steel bearing including life factors for material and processing? The answer must be a qualified yes. Based upon the Zaretsky life equation (equation (10)) and a large database that is now available (refs. 33 to 35), it can be reasonably concluded that the Lundberg-Palmgren formula underpredicts bearing life.
As previously discussed, What is most impressive about these calculations is that the resultant calculated lives of the hybrid bearings are 3.7, 3.2, and 5.5 times that calculated using the Lundberg-Palmgren equations for the allsteel VIM-VAR AISI M-50 deep-groove, angular-contact, and cylindrical bearings, respectively (table 8) . This is illustrated in the data of references 21 and 22 for 6-mm-bore hybrid deep-groove ball bearings run at 1200 rpm and a maximum Hertz stress of 5.6 GPa (810 ksi). The resultant L 10 life of the bearing was 249 hr or 5.3 times that calculated. Hence, the anecdotal observations of higher life for hybrid bearings than that calculated using the Lundberg-Palmgren equations appears merited. However, an all-steel bearing under the same load will always have a higher life than the equivalent hybrid bearing under nominal operating speeds and similar environments. Nevertheless, the life of high-speed hybrid bearings needs to be reassessed relative to the life of all-steel bearings. The silicon nitride rolling elements were the life-limiting component in early hybrid bearings. This is illustrated in the hybrid-ball-bearing life tests of Morrison et al. (ref. 20) that resulted in fatigue spalling of the silicon nitride balls. Yet, through process development over a period of three decades, the inherent flaws contained in the silicon nitride material have been mitigated to produce consistently reliable material (refs. 2 and 3). Thus, should hybrid bearings fail as a result of spalling of the silicon nitride rolling elements prior to their calculated service life, the quality of the specific lot of silicon nitride material should be brought into question.
Summary of Results
Three decades have passed since the introduction of silicon nitride rollers and balls into conventional rolling-element bearings. For a given applied load, the contact (Hertz) stress in a hybrid bearing will be higher than an all-steel rolling-element bearing, where all the components are manufactured from hardened bearing steel. Using the Lundberg-Palmgren equations, the life of the hybrid bearing is predicted to be less than an all-steel bearing of the same type. However, experimental data and anecdotal observations suggest higher lives for hybrid bearings than those calculated using the Lundberg-Palmgren equations, even when the differences in material properties between the rolling elements and races including the Hertz stress-life exponents were taken into consideration. The rolling-element life as well as the race lives were used to determine the resultant bearing life of the hybrid and all-steel bearings. Based upon the Zaretsky life equation, the predicted lives of hybrid silicon nitride bearings were theoretically compared with that predicted for all-steel bearings and the actual lives reported in the literature. The following results were obtained:
1. An all-steel bearing under the same load will have a longer life than the equivalent hybrid bearing under nominal operating speeds and similar environments. 
where for convenience of illustration, n = 15.5 will be used for line contact, and 16 for point contact.
